Silicon (Si) has been proposed as one of the most promising anode materials for next-generation lithium ion batteries (LIBs). However, unsatisfactory discharge capacity/energy density and inevitable performance worsening prevent their commercialization. Herein, an in-depth investigation on the same Si composite electrode before and after the first discharge by employing in situ synchrotron X-ray tomography is presented. It is found that i) on the electrode level, the Si particles located in the central part of the electrode preferentially experience crack formation; ii) on the individual particle level, heterogeneous electrochemical lithiation behaviour is observed; iii) cavities are formed during the electrode preparation and battery operation. Moreover, the correlation between the electrochemical activities of Si particles and their individual electrical contact to the electron conducting network is investigated. For the first time it is quantified that Si particles will experience lithiation only under the condition that at least 40% of their surface is electrically connected. These novel insights are possible explanations for low discharge capacity/energy of Si electrode LIBs, and would open new design principles and opportunities for high-capacity electrode materials for next-generation energy storage systems.
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Introduction
Next-generation lithium ion batteries (LIBs) with improved specific power and energy density have been proposed for a variety of demanding applications from electric vehicles to large-scale grid storage facilities. [1] Worldwide efforts are therefore underway to find novel electrode materials that will be considered as alternative options to replace the currently commercialized cathode and anode materials. [2] On this search for high-capacity anode materials, silicon (Si) has been identified as one of the most promising candidates to substitute graphite [3] : In contrast to graphite, where fully lithiated graphite stores one Liion per six carbon atoms through intercalation, fully lithiated Si-anodes can theoretically store four Li-ions per Si atom by chemical bonding. This leads to larger theoretical capacities up to 3579 mAhg -1 , which is about 10 times larger than that of graphite anodes, 372 mAh g -1 . [4] However, Si anodes exhibit an unsatisfactory discharge capacity/energy density when discharged using high currents. They additionally show irreversible capacity fading during cycling. Previous studies, employing various characterization tools such as scanning electron microscope (SEM) [5] , transmission electron microscope (TEM) [6] and X-ray tomography [7] , have suggested that the inevitable capacity decay is associated intimately with the dramatic volume change of ~300% during cycling, with preferential de/lithiation pathway along the [110] direction of crystalline Si. [8] In addition, it was found that a two-phase boundary between a crystalline Si core and an amorphous Li-Si shell induces stress within the anode particles, resulting in significant particle fracture and pulverisation. [6, 7, 9] Apart from boundary-induced fracture mechanisms, other factors also contribute to the decrease in energy density and the irreversible capacity fading. The central issue is related to the weakening or even complete loss of electrical contact between Si particles and the conductive network, consisting of carbon binder domain (CBD) and current collector. [10] Insufficient contact to the conductive network leads to partial electrochemical inactivation of these active materials, resulting in a reduced utilization of loaded material and unsatisfactory dis/charge capacity retention. Unfortunately, extensive characterizations of the evolution of a complete Si based electrode within an operational LIB have not been conducted due to i) the incompatibility between conventional investigation tools and commercial LIBs [11] and ii) the inability to characterize ensembles of active particles contained within a realistic multi-particle electrode. [11] Furthermore, no experimental framework of investigating the lower energy/capacity caused from insufficient contact between active materials and CBD has been reported, although it shows that the rate performance of a LIB electrode composite can be markedly improved by providing alternative electron paths. [12] Here, we report the imaging of the same Si based electrode in pristine and the firstly discharged state in three-dimensions using in situ synchrotron X-ray tomography. Using high fluxes from synchrotron sources, [13] this characterization technique allows us to obtain large and representative datasets to track the evolution of the entire Si electrode on the electrode level (millimetres) and on the level of individual particles (~5µm) simultaneously. Studies on the de/lithiation of Si and other Li-alloying metals (e.g. Sn and Ge) using X-ray tomography/microscopy were conducted in the past [7, 11, [14] [15] [16] , in which volume expansions/contractions, the relation between X-ray absorption and lithiation as well as fracturing mechanisms were investigated. Specifically, Taiwo et al. suggested that mechanical stress generated from the significant volume changes can decrease the contact of single Si particles to the conducting network. [16] By employing in-situ synchrotron X-ray tomography, we observed what Taiwo et al. suggested and expanded this theory by a further quantitative analysis. Other important findings were i) on the electrode level, the Si particles located in the central part of the electrode preferentially experienced crack formation compared with the Si particles located in the peripheral region. And ii) on the individual particle level, heterogeneous electrochemical lithiation behaviour was observed compared with the widely employed macro-homogeneuos model for battery simulation. [17] Finally, we quantified the fracturing of Si particles and related particles that remain unfractured with a loss of electrical/ionic contact to either the electron conductive network (current collector or to the carbon binder domain (CBD)) or the Li ion conductive electrolyte. Possible reasons for the contact loss have also been proposed. The current study fundamentally expands the inherent explanations for low discharge capacity/energy of Si electrode LIBs, and would open new design principles and opportunities for high-capacity electrode materials for nextgeneration energy storage systems.
Results

Morphology of the Pristine Electrode and Electrochemical Characterization
X-ray tomography is based on measuring variations in X-ray attenuation coefficients in a rotating sample and three-dimensional (3D) reconstructions of samples with high spatial resolution can be obtained by using high-flux synchrotron X-ray facilities. [18] Since all phases present (Si particles, CBD and cavity) exhibited excellent contrast due to different X-ray attenuation coefficients, morphological changes of particles, local CBD destruction and cavity formation could be studied in detail in 3D.
In the present study, a proof-of-concept battery, fully compatible with a synchrotron X-ray tomography setup (Figure 1a and b) and simultaneously representative of commercial LIBs, was used. We focused on morphological changes in the entire Si composite electrode before and after the first discharge. The experimental setup is shown in Figure 1a . The custom made cell allows imaging all inner components within the proof-of-concept battery (Figure 1b) . Before starting the in-situ X-ray tomography we conducted scanning electron microscope (SEM) characterization of the prepared Si composite electrode surface for a reliable interpretation of the X-ray tomography data. An exemplary image is shown in Figure S1 : It can clearly be seen, that the Si particles are well mixed with the CBD, which agrees with the tomography data ( Figure 1c, inset) , where the spherical Si particles can clearly be discriminated from the CBD filled pore space. The nano pores in the CBD cannot be resolved using synchrotron X-ray tomography with a pixel size of 438 nm. [19, 20] Therefore, in the following CBD denotes a mixture of small, electrolyte filled pores and carbon black particles glued together with binder.
In a first step, we performed cyclic voltammetry to verify the reduction and oxidation characteristics of the Si particles ( Figure S2 ). The observed anodic/cathodic peaks are in good agreement with those of previously reported silicon/carbon/binder (Si/C) composites [2, 21] . Subsequently, a tomography in the pristine state (without any cycling) was made for reference. It is shown in Figure 1c : The battery contains a Si/C composite electrode, a separator (24 µm thick) and a lithium metal electrode (as counter and reference electrode). It can clearly be seen that the currently investigated Si/C composite electrode consists of an ensemble of active particles hold together by the electron conducting CBD, as in most realistic electrodes. , where the schematic sketch of an intact Si particle represents the pristine state and the cracked Li/Si particle represents the discharged state.
After the tomography in the pristine state, the battery was discharged at 0.13 Ag -1 (~0.03 C) based only on the mass of the loaded Si. The corresponding discharge curve is shown in Figure 1d . The obtained specific capacity was around 1700 mAhg -1 , which is lower than the theoretical specific capacity of Si (3579 mAhg -1 ). In order to find explanations for the low specific capacity of the Si electrode, another tomography of the same electrode was conducted.
Morphology of the Discharged Electrode
Heterogeneous Lithiation on the Electrode Level
The firstly discharged state tomography is shown in Figure 2a , b and c. Compared with the pristine state tomography (Figure 1c) , it can be unambiguously discerned that Si particles located in the central part of the electrode preferentially undergo crack formation, denoted by a blue circle in Figure 2b . In contrast, particles located in the peripheral regions are kept intact during the whole discharge process (hereafter, we denote the fractured Si particles as electrochemically active particles or lithiated particles; the unfractured Si particles as electrochemically inactive particles or un-lithiated particles). This finding was further checked by employing two-dimensional particle size distributions, shown in Figure S3 . In the region with preferred fracturing (blue circle Figure 2b ), the particle size is systematically smaller, confirming the suggestion from the visual analysis of the tomographic dataset. The observed inhomogeneity of lithiation on the entire electrode level corresponds well with previous reports, [22] in which, Cai et al. observed an significant inhomogeneous deterioration in a commercial LIB by using in situ neutron diffraction. They found that near the edges of the battery, both the graphite anode and the spinel-based cathode showed a decreased capacity while near the central area, both electrodes functioned properly. They propose some potential factors, such as the electrolyte solution loss, separator pore clogging and non-uniform temperature can contribute to this phenomenon. In our case, we propose that an inhomogeneous Li ion flux resulting from an inhomogeneous pressure subjected on Si/C composite electrode cause the inhomogeneous lithiation on the electrode level. As schematically shown in Figure 2d , owning to a convex shape of the Si/C electrode, an inhomogeneous pressure (a larger pressure in the inner part of the electrode compared with a smaller pressure at the outer parts) can be generated when screwing the Si/C electrode and Li electrode together using the two current collector pins (Figure 1b) . This is further evidenced by the curvature of the separator between the two electrodes (Figure 1c and 2a) . Assuming a homogeneous and electrically well conducting CBD [23] , the lithiation process only occurs in regions with strongly promoted Li conduction pathways. [24] Considering that the flow of Li ions, driven by the electrochemical potential between the Li electrode and Si electrode, is faster in the central part (shorter distances) than that of the outer part of Si/C electrode (longer distances), the currently observed welldefined one dimensional (1D) Li ions pathway (indicated by arrow in Figure 2d ) agrees well with previous reports.
[ 24] Therefore it is reasonable that Si particles located along the 1D Li ions pathway experience significant crack formation (lithiation) while others, located outside the pathway, are kept intact. A direct detrimental effect of the inhomogeneous lithiation on the electrode level is that the discharge current subjected on the complete battery (0.13 Ag -1 ) concentrates only on the central part of the Si/C electrode, resulting in i) high localized current density and current hotspots that could induce fracture and accelerate capacity fading [25] and ii) significant under-utilization of active materials that could decrease the capacity/energy density. [26] We therefore conclude that it is crucial to design sophisticated electrode architecture that guarantees uniform Li ion flow pathways over the whole electrode.
Particle Sizes and Volume Fractions
To further investigate causes leading to low capacity/energy density, a rectangular region of interest (ROI) located within the 1D Li-ion flow pathway was chosen, as defined in Figure S3 and the results are shown in Figure 3 . First, we quantified the fracturing of particles in this particular ROI for which we calculated the particle size distribution for the pristine and discharged electrode. As a result, we found a significant thinning of the distribution after discharging the battery, which reflects a general fracturing of particles. The results agree well with previous report.
[ 1] In our case, the fracturing of particles leads to a decreased mean particle diameter from 7 µm to 3 µm (Figure 3a) . The height of the first bar in the particle size distribution of the discharged electrode in Figure 3a indicates that the size of a certain amount of fractured particles is below the estimated resolution limit of ~1 µm (~2 times the pixel size of 438 nm). To confirm this, we calculated the Si volume per electrode area. The calculation yielded 31.5 µm³/µm² in the pristine state and 24.0 µm³/µm² in the discharged state, which is a difference of 24%. This difference corresponds very well with another group's value of 25%, which implies a reasonable segmentation. [16] The difference before and after the first discharge indicates that approximately a quarter of the original Si after the first lithiation has fractured into pieces smaller than 1 µm in diameter. In Figure 3b a particle before and after discharge is shown for illustration, indicating the fracturing into multiple smaller parts while keeping the originally spherical shape.
Size and Distribution of Cavities
Apart from particle fracture, other phenomena in the ROI are demonstrated in Figure 3c and d. Here, the same in-plane region of the electrode is shown in the pristine (Figure 3c ) and discharged state (Figure 3d ). The white triangle shows that there is little in-plane distortion, even though most of the particles exhibit strong fracturing. The limited volume expansion during the first discharge process suggests limited lithium uptake/storage ability of Si particles. [22] Moreover, it can be observed that some Si particles still undergo no lithiation (no crack formation, indicated by yellow arrows in Figure 3d ) even though they are located within the 1D Li ions flow pathway, with CBD surrounding them. Actually, the observed inhomogeneous lithiation behaviour among individual particles is in agreement with previous reports that uncharged FePO 4 phases are often surrounded by charged LiFePO 4 phases [27] and that the statistical measure of local "spectroscopic" state-of-charge (SOC) state in an LIB is heterogeneous. [28] It has been suggested that in a realistic commercial LIB electrode, conditions for a homogeneous electrochemical reaction are hardly satisfied since any fluctuations on the electrolyte exposure, electrical contact or crystal defects can result in an inhomogeneous reaction. [29] In the present study we quantitatively investigated the correlation between the electrochemical activities of Si particles and the influence of their contact to both the ionically conducting electrolyte and the electrically conducting network.
Another worthy observation is that particles in the dark regions in Figure 3d show no or weak fracturing (indicated by red arrows). As a matter of fact, due to the different X-ray absorption coefficients of Si particles, CBD and large pores, we could identify the dark regions as cavities in the CBD. It is already known that gas evolution, which is intimately related with the solid electrolyte interphase (SEI) formation and the electrolyte decomposition, can locally destroy CBD and induce electrolyte displacement. [30, 31] Goers et al. have observed gas formed channels during cycling within a LIB by neutron radiography (NR). [32] In the following, we analyse the cavities in 3D in terms of size, distribution and their influences on Si particle lithiation. Results are shown in Figure 4 . First, we present the quantitative analysis of the cavities. The mean diameter of the cavities within the complete Si/C electrode was found to be ~5 µm. However, diameters of up to ~18 µm were measured as shown in the size distribution in Figure 4a . We also found that cavities were mostly located in the vicinity of the separator (Figure 4b ) and were not homogeneously distributed throughout the electrode as depicted in Figure 4c (exemplary tomogram) and Figure 4d (3D distributions of cavities) . It has to be noted that in Figure 4d , the colours represent connected cavity clusters: the largest connected cavity comprises 63 vol. % of the total cavity volume (Figure 4d , blue) and spans the whole length of the ROI; the next largest cavity region comprises 17 vol. % (Figure 4d, red) .
A Correlation between Particle Fracture and Cavities
Furthermore a quantitative analysis of the influence of cavities on the fracturing of particles in close contact to them was conducted. The results are shown in Figure 5 . Structurally intact and poorly connected particles: b) within the large cavity network ( shown diameter was 16 µm) and c) with localized CBD destruction around it ( shown diameter was 9 µm). d) Partially connected particle with a few fractures (~48% connected surface area, diameter was 14 µm). e, f) Well connected Si particle e) with fractures aside of the cavity network ( 90% connected surface area, diameter of 27 µm) and f) inside of the cavity network ( 77% connected surface area and a diameter of 14 µm). The white dotted line in a) is a guide to the eye.
Four types of particles were found: i) Particles well connected to the CBD that exhibited large fractures (Figure 5 e, f) , ii) particles with only partial contact to the CBD but with fractures ( Figure 5 d) , iii) particles with only partial contact to the CBD but without fractures ( Figure 5 b) and iv) particles almost fully surrounded by a cavity (Figure 5 c) . It needs to be noted that the cavity around the particles in iv) is not part of the large cavity network but is strongly localized around single particles. Actually, this kind of particle (type iv) is representative of a class of Si particles that often undergo no crack formation within the 1D Li ions flow pathway (see Figure 3d) . The reason for these strongly localized cavities lies probably in the electrode preparation process, e.g. in the material mixture and/or in the drying process. [33] Further information on type iv particles can be found in the supplementary information.
For a representative quantification of the correlation between particle fracturing and contact loss to both the electrical and ionic network, we investigated 21 different particles in the vicinity or within cavities (both gas generated cavities and localized cavities). Relative volume of fractures within the particles, serving as an indicator for lithiation, versus the electrically/ionically connected surface area of the particles is shown in Figure  5a . We found that, above a threshold of 40%, the degree of fractures intensifies with increasing connected surface area. Since the determination of contact areas is highly critical, all particles and cavities were segmented predominantly manually using two different methods (diamonds and squares), which are described in detail in the Methods section. Despite the scatter of the data a clear trend is observed: the relation between fracturing and electrical/ionic contact of Si particles in the battery shows a threshold. That is, a connected surface area below 40% leads to no electrochemical activity of Si particles. To the authors' knowledge, this is the first investigation on the correlation between the electrochemical activities of Si particles and the influence of their contact area to the conducting electronic/ionic network in the battery.
From an electrochemical point of view, lithium insertion into Si particles during the lithiation process entails Li-ions (from the electrolyte or Li electrode) and electrons (from CBD, conductive network or adjacent active particles) simultaneously. [12] The dependence of the electrochemical performance of LIBs on the contact between active materials and the electrically/ionically conducting network is an important electrode design consideration. [34] Actually, it has been suggested that the electron transference between difference phases is through hopping or tunnelling mechanism with contact resistivity depending exponentially on the gap between the contacts. A gap of 8-10 nm is large enough to make a contact electrically insulating. [35] Thus, the cavities (either from electrode preparation or battery operation) surrounding Si particles will block the flow of electrons into the active particles during the lithiation process to some extent, resulting in the observed electrochemically in-active (unfractured) particles. After an in-depth quantitative analysis, it is discovered for the first time that, Si particles will experience lithiation only under the condition that at least 40% of its surface is electronically/ionically connected.
Conclusion
In summary, we performed an in-situ analysis of a Si/C electrode in its pristine and firstly discharged states. Firstly, we found that the Si particles in the centre of the electrode preferentially undergo crack formation while particles located in the peripheral regions are kept intact during the whole first discharge process. We propose that the one-dimensional Li ions flow behaviour and a non-uniform contact pressure subjected on the Si/C electrodes could be the reason. Secondly, we revealed the presence of large non-uniformly distributed cavities (either from electrode preparation or battery operation) within the discharged Si/C electrodes. We further quantified their size and distribution within the electrode in three-dimensions. In addition, an in-depth quantitative analysis was conducted to investigate the dependence of the electrochemical activities of active materials and their contact surfaces to the electrically/ionically conducting network. We found that silicon particles experience fracture only when their contact area to the conducting network is at least 40% of their total surface area. These results show that synchrotron X-ray tomography is a powerful characterization tool to quantitatively investigate the dependence of the electrochemical performance of LIBs on the electrical contact between active materials and conducting network. The novel insights into possible causes for the lower capacity/energy density of LIBs are crucial because they cannot be easily obtained by conventional macroscopic electroanalytical characterization techniques. Our findings provide potential guidelines to further enhance the performance of LIBs. On the one hand, future electrode engineering should concentrate on optimizing the whole electrode architecture, which can involve all active material particles ionically and electronically connecting to electrolyte and electric conducting network to maximize the utilization of active materials. Particularly, an efficient electrically conducting CBD network and an ionically well-conducting pore space are highly desirable to eliminate the observed electrochemically in-active material. On the other hand, our analysis shows that it is important to develop new electrolytes with reduced gas formation to eliminate gas induced cavities.
Experimental Section
Materials: Silicon was received from Elkem AS, Norway. Conductive carbon black, Polyvinylidene difluoride (PVDF) binder, Celgard separator and lithium were purchased from MTI Cor. USA. N-methyl pyrrolidone solvent (NMP) and 1M LiPF 6 in a volumeratio mixture (1:1) of ethylene carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma Aldrich. The housing of the proof-of-concept beamline battery is made of polyamide-imide (Torlon) from the McMaster-Carr company.
Battery Preparation: The electrode was made of electrode slurries with weight ratios of Si:carbon black:binder of 70:20:10 in NMP. As binder, PVDF was used. Subsequently, the slurry was cast onto an aluminium foil. To remove the NMP, the cast aluminium foils were dried in an oven at 60 ℃ overnight. After drying, the completed composite electrode was diced into smaller pieces of around 1.7 mm × 1.7 mm × 0.2 mm (length×width×height) with a razor blade. Before the Si composite was assembled into the battery, it was weighed and the amount of Si particles was determined from the original mass ratio. The mass of the Si composite electrode was 0.17 mg. The proof-of-concept battery was assembled in an argon-filled glovebox with humidity and oxygen levels below 0.1 ppm. Metallic lithium was placed on the top of a screw, acting as a counter and reference electrode. The polymer separator was placed between the lithium electrode and the Si electrode. Finally, the housing tube was filled with the liquid electrolyte. Current leads were connected to a potentiostat for electrochemical tests.
Electrochemical Measurement: Cyclic voltammetry (CV) and galvanostatic charge/discharge of the battery were carried out with an IviumStat form Ivium Technologies, Netherlerlands. A freshly assembled battery was measured from 2.5 V to 0 V at a scan rate of 1 mVs -1 to obtain CV curves. During galvanostatic cycling at the beamline, the assembled battery was measured at a discharge current of 0.13 Ag -1 based only on the mass of Si active material.
Settings of Tomography Measurements:
Synchrotron X-ray tomography was carried out at the BAMline at BESSY II of the Helmholtz-Centre Berlin, Germany. The synchrotron beam was monochromatized to 20 keV using a double multilayer monochromator with an energy resolution of about 1.5 %. The detector system comprised a 60-µm thick CdWO 4 scintillator, a microscopic optic and a pco4000 camera with a 4008×2672 pixel 2 CCD chip that is kept out of the direct beam by using a mirror. For tomography, 2200 projections during a 180° battery rotation, each with 4 s exposure time were recorded before or after discharge.
Data Processing:
The Si/C/B domains were segmented using the software FIJI and applying a median filter and Otsu's method for binarization, followed by a slight opening [36, 37] . The cavity domain was segmented using the statistical region-merging tool and followed by individual thresholds for subsets. They were chosen by visual judgement. Pore and particle size distributions were calculated using the Delerue method, implemented in the software packages GeoDict (3D global) and Matlab (3D local). The phase distributions (2D and 3D) were calculated using self-programmed Matlab functions. Segmentation of contact areas was conducted using manual segmentation, and two different approaches. Manual segmentation of particles and a global threshold from visual judgement was used to segment the contact area between Si particles and CBD. A dilation of the particle followed, resulting in an overlap of particle and cavity. To avoid edge effects, the segmented particle was eroded once and subsequently the thresholds for the segmentation of fractures were chosen from visual judgment (Method 1). Based on these datasets, the particle-cavity contact area was manually corrected in every main direction, followed by a slight 3D median filter (Method 2).
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